Introduction
============

Diabetic peripheral neuropathy (DPN) is one of the most common and severe chronic complications in patients with type 2 diabetic mellitus (T2DM). It affects approximately half of the patients during the course of the disease. It is characterized by the symmetrical loss of sensory perception in later stage, resulting in an increased risk of foot ulceration and lower extremity amputation.^\[[@R1]\]^ It contributes to the increased risk of morbidity and mortality in patients with diabetes, impairing the quality of life and causing societal burden.^\[[@R2]\]^

Currently, only a few treatments for DPN are available, in which the enhanced glucose control is a recommended strategy to attenuate symptoms.^\[[@R1]\]^ However, this treatment strategy has shown a marginal effect on preventing the progression of diabetic neuropathy. Other therapies aimed at the relief of the neuropathic symptoms include aldose reductase inhibitors, α-lipoic acid, and transketolase activators.^\[[@R3]\]^ It has been accepted that the pathologic alteration of DPN involves multiple factors. However, most treatments have focused only on one factor, which limits the therapeutic efficacy. Therefore, it is suggested that the stem cell-based therapies could be a promising strategy to treat DPN.

In response to the stimulation of exogenous cytokines, the bone marrow-derived stem cells (BMCs) can be mobilized to perform the repair function. Recent studies have proven that the transplanted BMCs produce angiogenic and neuroprotective factors to ameliorate neuropathy symptoms through paracrine mechanisms in animal models.^\[[@R4],[@R5]\]^ Multiple studies have shown that the administration of BMCs inhibits pro-inflammatory cytokines signaling pathways in streptozotocin (STZ)-induced diabetic rats models.^\[[@R6],[@R7]\]^ Among different types of BMCs, bone marrow mononuclear cells (BMMNCs) have been the most commonly used therapeutic cells for regenerative purposes.^\[[@R8]\]^

Some small-scale clinical trials have already investigated the efficacy of applying BMMNCs to treat critical limb ischemia,^\[[@R9]\]^ peripheral artery disease,^\[[@R10]\]^ heart failure, and acute myocardial infarction.^\[[@R11]\]^ However, there was no clinical application of stem cells in treating patients with DPN till date. Therefore, we conducted a study to evaluate the efficacy and safety of applying autologous BMMNCs transplantation therapy in patients with DPN.

Methods
=======

Ethical approval
----------------

The patients were briefed about this study. All participants had signed the informed consent form before the study enrollment. This clinical study was approved by the Ethics Committee of The Central Hospital of Wuhan, Wuhan, China.

Patients
--------

One hundred and sixty-eight patients were enrolled in this clinical trial from March 2014 to December 2017. The inclusion criteria were: 1) T2DM according to 2013 American Diabetes Association standards^\[[@R12]\]^; 2) diagnosed with refractory DPN (defined in the next section); and 3) age 30--80 years old. The exclusion criteria were as follows: 1) severe hepatic and renal dysfunction; 2) hypercoagulable states or with hematological diseases; 3) other causes of peripheral neuropathy (including genetic or metabolic diseases, mental disorder, pharmacological, surgical, alcohol abuse, toxin exposure, etc.); 4) foot ulcers and limb deformity; 5) pregnancy; and 6) history of malignancy \<5 years before the study start.

Definitions of refractory DPN
-----------------------------

1.  DPN was defined as the presence of an abnormality of nerve conduction and a symptom/symptoms or a sign/signs of neuropathy.^\[[@R1]\]^

2.  Refractory DPN was defined as the duration of DPN longer than 2 years, with insufficient relief of the neuropathic symptoms or signs when combined with the uses of conventional drugs for at least 1 year. The conventional drug therapies include the antioxidant (α-lipoic acid), transketolase activators (thiamines and allithiamines), and aldose reductase inhibitors.

Clinical assessment before and after transplantation
----------------------------------------------------

All patients received the autologous BMMNCs transplantation. Clinical data, medication, and laboratory data were collected before the procedure and at every follow-up visit, which was scheduled at 1, 3, 6, 12, 18, 24, and 36 months after transplantation. All neurological examinations were performed at every visit, and patients were requested to finish the Toronto Clinical Scoring System (TCSS). Nerve conduction studies (NCSs) were performed pre-transplantation, and 3 and 12 months post-transplantation. Attention was paid during the follow-up visits specifically to any potential adverse effects due to the transplantation.

All patients received similar routine treatments throughout the course of this trial, including intensive control of blood glucose, blood lipids, and blood pressure.

Toronto Clinical Scoring System
-------------------------------

All participants had undergone a thorough neurological examination and finished TCSS before and at every follow-up visit after transplantation, including symptoms, lower limb reflex, and sensory tests (pinprick, temperature, light touch, vibration, and position sensation). The maximum score of TCSS is 19. The severity of neuropathy was graded according to Perkins *et al*^\[[@R13]\]^: 1 to 5 points for no neuropathy; 6 to 8 points for mild neuropathy; 9 to 11 points for moderate neuropathy; and 12 to 19 points for severe neuropathy.

Measurements of NCS
-------------------

NCS was performed with Viking Quest® (Nicolet Biomedical Inc, WI, USA) by the same experienced technician who was blinded to the patients' clinical information. Routine NCS included sensory nerve conduction velocity (sNCV), sensory nerve action potential (SNAP) in superficial peroneal and sural nerves, motor nerve conduction velocity (mNCV), and compound muscle action potential (CMAP) in peroneal and posterior tibial nerves. We also evaluated *F* responses and *H* reflexes. The test was standardized for temperature, stimulation protocol, and side of testing.

Preparation of BMMNCs and transplantation procedures
----------------------------------------------------

To mobilize the stem cells in bone marrow, patients received treatment with 5 μg·kg^−1^·d^−1^ recombinant human granulocyte colony-stimulating factor (G-CSF, Qilu Pharmaceutical, China) by subcutaneous injection for 3 days. After G-CSF mobilization, 200 mL bone marrow was aspirated from the posterior superior iliac crest under aseptic and anesthetic conditions. The preparation of BMMNCs was processed in the laminar flow laboratory. Mononuclear stem cells were separated by Ficoll-Hypaque density--gradient centrifugation. Then, the mononuclear cell layer was harvested and washed 3 times with normal saline and resuspended in normal saline.

Subsequently, the prepared BMMNCs suspensions were injected intramuscularly to both thighs and legs (50 sites, 2 cm × 2 cm in intervals, 1--5 cm in depth, 1 mL BMMNCs per site).

Statistical analysis
--------------------

All analyses were performed using SPSS 19.0 software package (SPSS Inc., Chicago, IL, USA). All data were expressed as mean ± standard deviation (SD) for continuous variables and in percentages for discrete variables. Differences between before and after transplantation were tested by paired sample *t*-test for continuous variables and the *χ*^2^ test for categorical variables. Multiple group comparisons were performed by analysis of variance (ANOVA). A value of *P* \< 0.05 was considered as statistically significant.

Results
=======

Patients' characteristics
-------------------------

The characteristics of patients are summarized in Table [1](#T1){ref-type="table"}. A total of 168 patients with a mean age of 63.7 ± 8.8 years and a mean diabetes duration of 10.7 ± 5.3 years were included in this study. One patient died during the follow-up (30 months after the transplantation) because of cardiovascular events, and 6 patients lost contact and did not show in the follow-ups due to various reasons.

###### 

Baseline features and clinical characteristics of the patients enrolled

![](cm9-132-011-g001)

Clinical efficacy of transplantation
------------------------------------

The signs and symptoms of neuropathy relief were defined as the primary outcome of our study, which were assessed using TCSS. The TCSS scores significantly decreased at 1 and 3 months after the transplantation compared to the baseline values as shown in Table [2](#T2){ref-type="table"}. This decrement persisted until 36 months after transplantation. We observed a significant improvement of the main neuropathy manifestations, such as lower extremity pain, numbness, tingling, and weakness during the first 3 months after injection of BMMNCs.

###### 

TCSS Scores before and after transplantation treatment

![](cm9-132-011-g002)

Furthermore, the severity of TCSS significantly improved at the first month after transplantation, at which time the proportion of severe neuropathy decreased from 69.6% to 28.6%. This proportion continued to decrease to only 0.6% at 36 months after treatment, whereas the proportion of no neuropathy gradually increased from 0.0% to 36.0% at the end of this study as shown in Table [3](#T3){ref-type="table"}.

###### 

Severity of TCSS scores before and after transplantation treatment, *n* (%)
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Analysis of the NCS results revealed a significant improvement of conduction velocity and action potential of sensory and motor nerves after the transplantation of BMMNCs \[Table [4](#T4){ref-type="table"}\]. Three months after the transplantation, mNCV and sNCV increased from 38.21 ± 2.28 m/s to 40.24 ± 2.80 m/s and 36.96 ± 2.26 m/s to 39.15 ± 2.61 m/s, respectively. Then, mNCV and sNCV continued to increase to 41.00 ± 2.80 m/s and 40.41 ± 2.22 m/s, respectively, at 12 months after the treatment. CMAP improved from 4.67 ± 1.05 μV at baseline to 5.50 ± 1.20 μV at 3 months, and then further increased to a level of 5.68 ± 1.08 μV at 12 months. SNAP gradually increased from 4.29 ± 0.99 μV at baseline to 5.14 ± 1.26 μV at 3 months, and to 5.41 ± 1.14 μV at 12 months.

###### 

Nerve conduction studies before and after the transplantation treatment
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Procedural safety
-----------------

No adverse events regarding bone marrow aspirations were observed. No cases of infection, bleeding, and allergic reactions were detected immediately after transplantation. No cases of rejection and malignancy were detected during the follow-up visits.

Only 19 patients (11.31%) experienced slightly mild discomforts, such as slight pain or swelling feelings at the injection sites several hours after the transplantation. Such uncomfortable symptoms were well tolerated and disappeared in 3 days.

Discussion
==========

In this pilot clinical study, we observed that autologous transplantation of BMMNCs effectively improved the clinical manifestations of neuropathy and restored the functions of peripheral nerves. No reports of immediate and long-term adverse events related to the therapy were observed, demonstrating the safety of BMMNCs transplantation. These results indicated that autologous transplantation of BMMNCs could be a promising treatment for refractory DPN.

The pathogenic mechanism of DPN is not completely understood. Growing evidence suggests that the infiltration of inflammation factors and deficiency of local neurotrophic and angiogenic factors contribute to the onset and progression of diabetic neuropathy.^\[[@R14],[@R15]\]^ The efforts to design different experimental therapies targeting to block the mechanisms involved in DPN\'s progression were made. Experiments show that the administrations of antioxidants,^\[[@R16]\]^ neuroprotective factors,^\[[@R17]\]^ anti-inflammatory factors,^\[[@R18]\]^ and growth factors^\[[@R19]\]^ contributed to an increase in nerve conduction velocity. However, the transformation of these experiments to clinical studies has been unsuccessful.^\[[@R20],[@R21]\]^ It seems that the pathogenesis of DPN is multifactorial and complicated, and a single pathway-based therapy can hardly be effective. The application of stem cells-based therapy simultaneously promoting angiogenesis and neuron regeneration may have great value in treating DPN.

Although several different stem cell types have been tested to treat DPN in animal models, the most commonly used cells are BMMNCs, which can easily be isolated from bone marrow, umbilical cord blood, and other adult tissues. Stimulation with G-CSF is a common and effective method to collect a large number of BMMNCs for autologous transplantation.^\[[@R22]\]^

BMCs were found to improve nerve conduction velocities in STZ-induced diabetic rats.^\[[@R9]\]^ By producing neurotrophic and angiogenic factors through the paracrine mechanism, the BMCs were able to ameliorate the injury of peripheral nerve,^\[[@R23]\]^ although BMMNCs transplantation was used for a wide variety of diseases, such as heart failure,^\[[@R11]\]^ critical limb ischemia,^\[[@R9]\]^ and foot ulcer.^\[[@R10]\]^ We only found out 1 clinical study using mesenchymal stem cells for DPN in the ClinicalTrials.gov database (NCT02387749). Currently, no results of clinical trial like ours have been published yet. So far as we know, this is the first clinical study to apply autologous transplantation of BMMNCs to treat refractory DPN.

There were no serious adverse events related to bone marrow aspirations and BMMNCs injection during our follow-up period; few of our patients were followed even longer with no reports of side effects. Similarly, many other trails of BMMNCs transplantation have also indicated it as a safe therapeutic approach, as no complications occurred during long-term follow-ups.^\[[@R9],[@R24]\]^ These results demonstrated the safe use of autologous BMMNCs transplantation in patients with DPN.

There was a small portion of patients with a limited relief of the neuropathy symptoms in our study. The low-yielding cell numbers of BMMNCs after G-CSF mobilized may contribute to the poor therapeutic effect. Fadini *et al*^\[[@R25]\]^ reported that the mobilization ability of stem cells in response to G-CSF was impaired in patients with diabetes. And the occurrence of diabetes might result in the defective mobilization of BMCs by changing the microanatomy and physiology of bone marrow.^\[[@R26]\]^ All the results of these studies indicated that diabetes may adversely affect stem cell-based therapies by jeopardizing the microenvironment of bone marrow niches, which are crucial for the maintenance and expansion of stem cells. Efforts were made to improve the therapeutic effectiveness of stem cells transplantation. The results of in-vitro studies showed that when G-CSF and plerixafor were used in combination, the stem cells were able to restore the mobilization ability.^\[[@R25],[@R27]\]^ Several studies have proven that the functions of stem cells could be restored by administration of hydrogen sulfide.^\[[@R28],[@R29]\]^ More efforts are needed to transform these experimental findings into clinical applications to improve the therapeutic efficacy of stem cells in patients with DPN in the future.

There were several limitations in our research. First, we did not set up the control group and only analyzed the differences before and after BMMNCs transplantation. Our study only included patients with refractory DPN, as these patients did not respond to conventional therapies and autologous BMMNCs transplantation may be one of the very few promising treatment options. To determine the therapeutic efficacy of BMMNCs in patients with DPN, randomized double-blind controlled trials may be necessary in the future. Second, without measurements of inflammation and anti-inflammation cytokines, neurotrophic, and angiogenic factors, we were unable to determine the potential mechanisms of BMMNCs in treating neuropathy symptoms. This study could be strengthened if more analyses were performed. Although further studies are required to reveal the mechanism of BMMNCs in the treatment of DPN, we believed that this method provides a promising option for patients with DPN.

In conclusion, our 36-month follow-up study proves that transplantation therapy using BMMNCs mobilized by G-CSF stimulation is a safe and effective treatment for refractory DPN.
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